In recent times there has been an increased awareness that to understand how flower signals may have evolved under pollinator mediated selection, the visual ecology of floral color signals needs to be interpreted in relation to the visual capabilities of specific pollinators.
I
mportant plant pollinators like bees and birds have very different color visual systems. Previous work has attempted to relate flower syndromes to the respective visual capabilities of the most important pollinators, but has often been limited by the lack of robust means to make between-species comparisons of how flower color signals are processed. In a recent study we solved this dilemma by comparing the raw spectral signals, quantifiable by major inflection points on a wavelength scale, from different flowers whose pollinators were known from direct observation. Here we elaborate on how this method allows robust cross species comparisons that are independent of the requirement to know the complex and often inaccessible physiological data about color processing in different animals. The use of this method should thus allow for the testing of pollinator syndrome hypotheses for different animal pollinators from different regions of the world.
In recent times there has been an increased awareness that to understand how flower signals may have evolved under pollinator mediated selection, the visual ecology of floral color signals needs to be interpreted in relation to the visual capabilities of specific pollinators. [1] [2] [3] This may be a straightforward position to advance, but it remains surprising how many ecological studies evaluate flower spectral properties purely by assessment with human visual responses to color. For example, bird pollination has evolved many times in a large number of angiosperm lineages, Evaluating the spectral discrimination capabilities of different pollinators and their effect on the evolution of flower colors Mani usually from ancestors that were insect pollinated. [4] [5] [6] "Red"-colored flowers have typically been associated with bird pollination and "blue"-colored flowers with bee pollination, 7 and these associations are classically explained via optimal foraging theory and the relative efficiency of bees and birds in detecting "blue" and "red" signals respectively. 8 More recently, an extensive study of floral evolution in Pedicularis in the Hengduan Mountains of south-central China classified color traits by direct human observation using human defined categories like red-red, red-white, red-yellow, etc.
9
A direct human assessment of the color of spectral signals is not necessarily an accurate way to understand how different pollinating species actually perceive floral signals. 10 The color signal that is perceived by an animal is determined by several factors, including the spectral sensitivity of photoreceptors, the number of photoreceptors and subsequent neural processing of the signals captured by the respective photoreceptors, which can incorporate complex color-opponent neural mechanisms. 11, 12 The spectral sensitivity of a single type of photoreceptor (Fig.  1) describes the probability with which photons of various wavelengths of radiation are captured and subsequently turned into neural signals for processing in the brain. The corresponding spectral position of a photoreceptor can be specified by the wavelength at which the probability of capture is highest. For example, normal human color vision is trichromatic (i.e., has three types of cone photoreceptors) with absorbance maxima at approximately color spaces that can accommodate the different dimensions of color sensing, for example, tri-or tetrachromatic vision 23 and the possible use of physiological receptor noise properties to define perceived differences. 24 Unfortunately, such approaches provide very limited reliability even within key model species like the honeybee. 25 For example, color processing in both bumblebees and honeybees, which are some of the most important pollinators of plants, has been shown to be plastic and potentially dependent on top-down mediated attentional factors. 2, 26, 27 Indeed, even after half a century of well-funded work on human trichromatic vision and color discrimination, which is far easier to access than animal vision because human subjects will follow instructions and perform simultaneous color discrimination tasks, colorimetry has struggled to produce reliable and reproducible results based upon "just-noticeable-difference criteria" and, indeed, leading authorities like MacAdam concluded that such a goal is unattainable. 28 This means that direct comparisons of color discrimination between different species for which we know little or nothing about their complex neural processing mechanisms remains a goal that is unlikely to be resolved with colorimetric analyses any time in the near future.
How then can color evolution in flowers (or fruits, feathers, or any structures sending chromatic signals) be studied when we can't rely on human vision to interpret color differences, and colorimetry requires such detailed data about a species' color processing abilities as not to be practical or robust? A clever solution to this dilemma is to circumvent the complexities of color processing and focus on the discrimination of different wavelengths of light (radiation). These psychophysical measurements of discrimination ability are called Δλ/λ functions (Fig. 1) , and since the experimentally determined functions measure discrimination of the whole visual process in an animal vs. a fundamental wavelength scale, it is possible to compare these data directly with the spectral "signatures" of flower spectral signals that are also measured on a wavelength scale. [1] [2] [3] 29 A potential downside to this approach is that the behavioral experiments needed dimensional color vision depending upon the species. [17] [18] [19] [20] [21] Although there is some variability of the spectral sensitivity of the four spectral classes of photoreceptors that contribute to color discrimination in bird species, 15, 16, 22 of the 14 avian orders currently studied in detail bird visual spectral sensitivity falls into two main groups. 15 The violet sensitive (VS) group has VS (λ-max approx. 400-430 nm), short wavelength sensitive (SWS; λ-max approx. 450-480 nm), mid wavelength sensitive (MWS λ -max approx. 530-550 nm) and long wavelength sensitive (LWS λ-max approx. 600-620 nm) spectral sensitivities considering ocular filtering, while the UV sensitive (US) group has US (λ -max approx. 360-380 nm), SWS, MWS and LWS spectral sensitivities.
Given that the spectral input of these many photoreceptor types is subsequently processed by opponent-neural processes in the brain, which are poorly known for the vast majority of species, it is very difficult to directly interpret from physiological data how "color" signals are perceived by animal species. The field of colorimetry has tried to solve this dilemma for animal visual systems with the design of various 420 (blue sensitive), 534 (green sensitive) and 564 (red sensitive) nm. 13 To perceive color, a visual system must have two or more types of spectrally different photoreceptors, and the perception of color is enabled by comparison of the signals from the different photoreceptor types in the brain of an animal. 12 Studies investigating the visual capabilities of pollinating animals have shown a wide variety of color visual systems that can be used to process color information reflected from a flower. 11, 14, 15 For example, while important pollinators like bees are trichromatic which is in some ways similar to trichromatic color vision in humans, the spectral position of bee photoreceptors is shifted to shorter wavelengths, which means that these animals can see UV radiation but are relatively poor at discriminating long wavelength "red" radiation ( Fig. 1) . Thus, bees see colors differently to humans. 10 The color vision of other pollinating animals is even more complicated. Birds are typically tetrachromatic and have four types of photoreceptors that contribute to color vision, 11, 15, 16 and butterflies may have trichromatic, tetrachromatic, pentrachromatic or even higher Figure 1 . Important hymenopteran pollinators are trichromatic 14 and have a color visual system with uV-sensitive (maximum sensitivity about 350 nm), blue-sensitive (maximum sensitivity about 440 nm) and green-sensitive (maximum sensitivity about 540 nm) photoreceptors, while human trichromatic vision perceives longer-wavelength radiation (as indicated by the horizontal visible light spectral bar above the graph). the black line plots show sensitivity of the three photoreceptors in honeybees (dotted line) 30 and bumblebees (solid line) 41 normalized to a maximum of 1.0. Because of color-opponent processing mechanisms, the region of the spectrum where color discrimination is best is between overlapping photoreceptors, and the purple line shows an inverted Δλ/λ function that was empirically measured for the honeybee.
1,29 this allows for key critical regions of the spectrum (e.g., about 400 and 500 nm for hymenopteran pollinators) to be identified for comparison with inflection points of floral reflectance curves. 600 nm. This is the signature of avian pollination we found in Australia, where honeyeaters (Meliphagidae), another VS avian group, are important pollinators. 32 In contrast, a US vision group, the sunbirds (Nectariniidae), are common pollinators in many parts of Africa and Asia 31 and thus, we might expect to observe a higher proportion of flowers with inflection points clustered at shorter wavelengths. It would be interesting to see how floral color cues affect the cross-continental invasion potential of plants and how pollinators accommodate the cues of exotic plants (compare ref. 33 ). Another biogeographic hypothsis concerns evolution and ecological filtering along elevation gradients. It has been hypothesized that avian and hymenopteran pollinators decline with increasing altitude while fly pollination increases, 5, [34] [35] [36] [37] [38] but whether this significantly shifts the distribution of flower spectral signals along elevation gradients remains to be tested.
Testing these and other hypotheses using a robust analytical methodology will, thus allow for comparisons between potentially different pollination syndromes around the world in a way that takes account of color discrimination capabilities of different animals, but avoids the largely unknown complexities of modeling colors in different color spaces that have no common metric to allow for meaningful comparative analyses. Targeted studies using detailed phylogenies and thorough taxon sampling will allow more definite and precise conclusions about the timing and direction of evolution of floral color signals and the role pollinators play as selective factors. The rapid expansion of analytical methods to deal with phylogenetic structure in multispecies data sets (e.g. ref. 39) will assist in uncovering the historical factors that have shaped floral color in lineages and ecological communities. Despite two centuries of pollination biology since the classic work of Sprengel, 40 the field remains open for fundamental advances in understanding how pollinator perception influences floral evolution.
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an inflection as a point at which the second derivative is zero and the first derivative is at an extremum. This obviates the potential problems of subjective coding of data. The second advance was using independent evidence, mostly from scientific literature, of observed flower visitors for each species in our sample. Thus we were able to classify floral colors into pollination groups without assumptions based on floral morphology, human perception of colors, or other putative traits of "pollination syndromes." Third, we used a quantitative measure of the match between floral reflectance inflections and the discrimination optima identified by Δλ/λ functions for different classes of pollinators, and subjected these measures to statistical test. Finally, we used phylogenetically informed statistical tests, a necessity when dealing with multi-species data sets.
It will now be of very high value to further refine this methodology and apply it in other geographic and phylogenetic contexts. One shortcoming of previous studies [1] [2] [3] is that taxon sampling has been extremely broad and incomplete. This limits the findings to very coarse evolutionary interpretations. Demonstrations that evolutionary shifts in floral signals are tied to pollinator-mediated selection will require thorough taxonomic and geographic sampling targeted at specific lineages with known phylogenies (or simultaneous collection of sequence data for phylogenetic reconstruction). An example of an investigation with an outstanding phylogenetic and biogeographic framework is the Pedicularis study of Eaton et al.; 9 what it lacked was quantification of floral spectral signals and analysis with respect to pollinator visual capacities.
Similarly, investigations of floral chromatic cues in specific biogeographic contexts could be highly informative. An immediate implication of our work with Australian bird-pollinated flowers is that there should be a large-scale geographic structure to floral signals corresponding to the biogeographic distributions of major groups of nectarivorous birds. Hummingbirds (Trochilidae), a group with VS color vision, are important pollinators in the neotropics, 31 suggesting that there should be a high prevalence of flowers with spectral signals clustered close to to determine Δλ/λ functions are very difficult to perform and thus, exist for only a limited number of animal species. However, in hymenopteran species the spectral distribution of photoreceptors is very conservative 14 and so it is possible to assume that the high quality Δλ/λ functions already measured for the honeybee is representative of hymenoptera trichromatic vision in general (Fig. 1) . In addition, while avian vision does show variability between species, the presence of two main groups (VS and US) means that it is possible to select representative model species to interpret how birds may best discriminate different wavelengths of light and thus, compare data directly with flower reflectance. 2 Furthermore, these Δλ/λ functions can be predicted with reasonable reliability by comparing the regions of the spectrum where signals from different photoreceptors overlap, and where theoretical considerations of color vision suggest optimal discrimination.
29,30
The counterpart to wavelengths of optimal discrimination by pollinators is wavelengths of floral spectral signals that have the largest effect on a pollinator's perception of color. To identify these wavelengths of greatest importance, one must remember that any individual photoreceptor type provides an essentially achromatic signal of photon catch, but the animal's brain uses opponent processes to compare the signals of different photoreceptor types to construct color perception. 11, 12 Rapid changes in an object's reflectance over a short wavelength range provide the greatest information for such comparisons among photoreceptor excitation. If floral spectral signals have evolved to enhance discrimination by a pollinating animal, rapid reflectance change should occur near wavelengths of maximum discrimination, as indicated by a Δλ/λ function (Fig. 1) . 1 This approach has been very useful in revealing the match between floral spectral signals and hymenopteran wavelength discrimination ability in a general sample of flower colors in both the Northern Hemisphere 1 and Australia. 2 Our recent work 3 makes four important refinements of this methodology. One is that we identified the spectral location of rapid reflectance changes using an objective rule: the mathematical definition of
